INTRODUCTION
Biological phosphorus and nitrogen removal in biofilm processes have a potential advantage compared to activated sludge processes, because of less vulnerability with respect to sludge loss and because biofilm processes, in general, are more compact with a smaller footprint.
Most of the research on bio-P has been conducted with activated sludge systems. However, there are reports of bio-P in laboratory or pilot scale biofilm processes were fixed bed filters have been operated in a sequencing batch mode or as a continuos process with several filters in series (Gonzales-Martines and Wilderer, 1991 , Goncalves and Rogalla, 1992 , Goncalves et. al. 1994 , Kerrn-Jespersen et. al. 1994 , Morgenroth, 1998 . Shin and Park reported bio-P in a laboratory scale sequencing batch reactor (SBR) with a porous biomass carrier (Shin and Park, 1991) .
Simultaneous nitrification and denitrification can be achieved under aerobic conditions in the bulk water phase, in a process with a thick biofilm. Oxygen will only penetrate to a certain depth in the biofilm giving an outer aerobic layer, were nitrification occurs. The deeper layers will be anoxic with denitrifying bacteria utilising the nitrate produced by the nitrifyers in the outer layer. Biological phosphorus removal with simultaneous nitrification -denitrification and phosphate uptake in the aerobic phase has been reported in biofilm systems by several authors (Garzón-Zúñiga and González-Martínez, 1996 , Castillo et. al. 1998 , Helness and Ødegaard, 1998 and Pastorelli et.al. 1998 .
In this work we have used a sequencing batch moving bed biofilm reactor (SBMBBR) with a plastic biofilm carrier suspended in the wastewater. In this paper we present results, from an ongoing experimental program, with respect to combined biological phosphate and nitrogen removal.
BIO-P IN A MOVING BED BIOFILM PROCESS
In a moving bed biofilm process the solids retention time is governed by sloughing of biomass. At steady state with a constant biomass concentration, the solids retention time (SRT) will correlate with the loading rate of the process. In a sequencing batch reactor used for bio-P, one may define several loading rates referring to the anaerobic phase, the aerobic phase and the total cycle. To avoid competition from nonphosphate accumulating aerobic heterotrophs, all influent COD should be taken up by phosphate accumulating organisms (PAO) in the anaerobic phase. This implies that even at the maximum anaerobic COD-loading rate, one may have a low total COD-loading rate on the process. Based on the biochemical model for bio-P developed by Smolders (Smolders et. al. 1994a, b and 1995) and later formulated for denitrifying phosphate uptake by Kuba (Kuba et.al. 1996a) , one may therefore expect the phosphate uptake to be controlled by the availability of poly-β-hydroxy-alkanoates (PHA) in the aerobic phase. Due to the low total COD-loading rate, one will also get nitrification in such a process. In order to ensure complete nitrification, the aerobic phase must be long enough to allow this.
One has, therefore, a situation with potentially conflicting interests, imposing certain limiting factors on the process. In general the ratio of COD to phosphate in the influent must be high enough for removal of all phosphate. In a process with denitrifying phosphate uptake by denitrifying phosphate-accumulating bacteria (DPB), there must also be sufficient ammonium available for denitrification. Given these criteria for the influent quality, the SBR-cycle must be tuned. On one hand the anaerobic COD-loading rate should be kept low enough to avoid competition from non-phosphate accumulating aerobic heterotrophs, and on the other hand the total COD-loading rate should be high enough to give sufficient PHA for phosphate uptake and a net growth of biomass. One strategy for achieving this could be to operate with a relatively short total cycle length in order to have a high enough total COD-loading rate and use a relatively long anaerobic phase to minimise the competition from aerobic heterotrophs. However, one must at the same time keep the aerobic ammonium load low enough to achieve complete nitrification. The minimum length of the aerobic phase may therefore be controlled by the nitrification.
METHODS
The studies were carried out in a laboratory scale SBR (10 l water volume, 53% filling of Kaldnes K1 biofilm media) with a constructed wastewater. A description of the laboratory apparatus has been reported earlier (Helness and Ødegaard, 1998) .
Acetate was used as carbon source and a phosphate buffer was used as P-source. The total loading rates of acetate measured as COD and phosphorus were varied in the range 0.3 -1.2 kg SCOD/m 3 *d and 0.012 -0.131 kg PO 4 -P/m 3 *d respectively. The wastewater also contained ammonium (25 mg NH 4 -N/l) corresponding to an aerobic loading rate in the range 0.03 -0.28 kg NH 4 -N/m 3 *d. The pH was controlled at 7.0 -7.5 by addition of HCl (0.5 M) or NaOH (0.5 M). The SBR was operated with a total cycle length of 4 to 6 hours and varying lengths of the anaerobic period (1 to 3 hours). The water volume in the reactor was emptied completely between each cycle. All wastewater analyses were performed according to Norwegian Standard.
RESULTS AND DISCUSSION

Limiting conditions
Before we discuss the results with respect to removal of phosphate and nitrogen we will briefly discuss some factors that set limits to the conditions for sucsessfull operation of the process. Figure 1A illustrates the importance of competition between PAO and other heterotrophs, and the effect of a too low total COD-loading rate. Figure 1B illustrates the effect of a low COD/P ratio in the feed and the effect of nitrite accumulation. In Figure 1A a plot of the aerobic phosphate-removal rate versus the aerobic phosphate-loading rate is shown for experiments with total COD-loading rates of 0,45 kg SCOD/m 3 *d and 0,9 kg SCOD/m 3 *d.
The experiments with a total COD-loading rate of 0,9 kg SCOD/m 3 *d were run with a COD/P ratio slightly above what was required to achieve complete removal of phosphate, and the results show excellent phosphate removal in some experiments. However, some of the results at this COD-loading rate show a removal of phosphate of only 50%. In these experiments the anaerobic COD removal was low (average 60%) while the average anaerobic COD removal in the experiments with good phosphorus removal was 84%. If the anaerobic period is shorter than necessary for consumption of all influent COD, the fraction of PAO in the biofilm may decrease due to growth of heterotrophs other than those responsible for bio-P in the aerobic period. This in turn will lead to a poor removal efficiency of phosphate. Also, this may cause the phosphate uptake in the aerobic phase to be limited by the amount of COD taken up by the PAO in the anaerobic period, even if the influent COD/P ratio is higher than required for complete removal of phosphate.
In the experiments with a total loading rate of COD of 0,45 kg SCOD/m 3 *d, the total COD-loading rate is too low to achieve a net growth of biomass. Consequently the removal of phosphate is poor. The minimum total COD-loading rate will depend on the amount of biomass in the system. For the system used in these experiments this value is about 0,5 kg SCOD/m 3 *d.
In Figure 1B , the aerobic phosphate-removal rate is shown for two sets of experiments at a total CODloading rate of 0,7 kg SCOD/m 3 *d. The low COD/P ratio in the feed can be seen from the shift in results towards higher loading rates. These experiments were run with an excess of phosphate relative to COD in the feed, and complete removal of phosphate was therefore not possible even if all influent COD was consumed in the anaerobic phase. However, in the experiments with a low average nitrite accumulation rate, the phosphate removal rate increases with increasing phosphate loading rate, and is close to the maximum rate possible considering the COD limitation in the feed. In the experiments with nitrite accumulation the aerobic phosphate removal rate shows a maximum value of 0,05 kg PO 4 -P/m 3 *d. The reason for this is probably inhibition of the phosphate uptake by nitrite, which has also been reported in other studies, (Christensson 1996 , Kuba et. al. 1996b . In this set of experiments the aerobic phase was short (1,7 hours), giving a high ammonium-loading rate, which resulted in incomplete nitrification and accumulation of nitrite.
To achieve good phosphate removal the limiting conditions discussed above must be avoided. A low COD/P ratio in the feed can be dealt with by dosage of a carbon source, and maintaining a sufficient total COD-loading rate is a matter of controlling the total cycle length. To avoid competition from non bio-P aerobic heterotrophs, good anaerobic COD removal is essential. Figure 2A shows the anaerobic CODremoval rate versus the anaerobic COD-loading rate. The results so far indicate that the anaerobic COD loading rate should be kept below 2,5 kg SCOD/m 3 *d in order to have stable performance. However, much higher removal rates have been observed and further studies are required to determine the limits with respect to the anaerobic COD-loading rate.
To avoid inhibition by nitrite accumulation, the aerobic phase should be long enough to achieve complete nitrification. The removal efficiency of ammonium at different aerobic loading rates of ammonium is shown in Figure 2B . The results show that one should operate at an aerobic ammonium loading rate below about 0.2 kg NH 4 -N/m 3 *d in order to achieve nitrification efficiency of about 90% with the wastewater used here. In our experimental set-up an aerobic ammonium loading rate of 0.2 kg NH 4 -N/m 3 *d corresponds to an aerobic phase of 2.5 hours, which is longer than used in the experiments with a total COD-loading rate of 0.7 kg SCOD/m 3 *d that were discussed above. 
Phosphate and nitrogen removal
With the criteria discussed above fulfilled the process showed excellent phosphate removal. As expected, the aerobic phosphate uptake showed a strong correlation to the anaerobic phosphate release, Figure 3A .
Since production of PHA necessary for phosphate uptake is linked to phosphate release, a high phosphate release is an advantage with respect to achieving a high net phosphate removal. The average net phosphate removal in experiments with a phosphate release higher than 30 mg PO 4 -P/l was 7.7 mg PO 4 -P/l, demonstrating the phosphate removal capacity of the process. Figure 3B shows the net nitrogen removal rate versus the aerobic nitrogen-loading rate. Data from experiments with incomplete nitrification have been excluded from the figure. A nitrogen removal efficiency of up to 40% can be explained by growth in these experiments, depending on the amount of COD in the feed. Disregarding results in Figure 3B with removal rates corresponding to a removal efficiency of 40% or lower, the results show nitrogen removal rates corresponding to removal efficiencies of 70%-90%. Since the only nitrogen fed to the system was ammonium, the results show that nitrification and denitrification can be achieved simultaneously in the aerobic phase of such a process. The DO concentration reached 2 mg O/l shortly after start of aeration, and oxygen was therefore available as electron acceptor in the aerobic phase. As discussed earlier the effect is explained by a layered biofilm were the deeper layers are anoxic.
The results show that good nitrogen removal was achieved only in experiments with good anaerobic COD removal and that these experiments also showed good phosphate removal. Since the COD was removed in the anaerobic phase where there was no nitrate, it is possible that phosphate was removed by bacteria using nitrate as electron acceptor. This is supported by a test were nitrate was added to the reactor at the start of the aerobic phase, resulting in an increased phosphate removal rate (data not shown). However, the ratio of COD removed to nitrogen removed was higher than expected according to the model for denitrifying phosphorus-removing bacteria (DPB) reported by Kuba (Kuba et. al., 1996a) . Also, the ratio of nitrogen removed to phosphorus removed varied showing both higher and lower values than expected according to the model reported by Kuba (Kuba et. al., 1996a) . Another explanation may be that denitrifying bacteria capable of storing COD in the anaerobic phase were present. We have not seen this reported, but van Loosdrecht proposed that storage polymers might play an important role under conditions were the availability of substrate varies greatly . Probably the biomass contained a mixed population of DPB and other denitrifying bacteria in the deeper anoxic layers as well as bacteria capable of aerobic phosphate uptake in the outer aerobic layers. The competition between the two groups of denitrifying bacteria may also limit the phosphate removal capacity, even when the other limiting factors discussed above have been dealt with.
With a given influent COD concentration, the consumption of COD by other denitrifying bacteria than DPB may limit the phosphate removal by reducing the amount of COD consumed by DPB and aerobic PAO. To account for this effect an estimate of the amount of COD consumed by non bio-P denitrifying bacteria is needed. Assuming that a fixed fraction of the phosphate uptake is performed by DPB, and that the ratio of phosphate taken up to nitrate denitrified is as reported in the model by Kuba (Kuba et. al. 1996a ). This estimate can be found from the ratio of denitrification rate to phosphate uptake rate. One may then calculate the amount of COD consumed by the DPB and thus calculate the amount of phosphate that can be removed in different situations. Comparing this value with the amount of phosphate in the feed will reveal whether the process is phosphate limited or COD limited. In this way one may obtain an estimate of the limiting phosphate loading rate in a given situation.
In order to refer this rate to the aerobic phase of the process, we have calculated the limiting aerobic phosphate-loading rate as the sum of the phosphate load due to the anaerobic phosphate release and the load given by the amount of phosphate in the feed which can be removed. In the calculations we used a ratio of phosphate uptake by DPB to phosphate uptake by aerobic PAO of 0.7. This is an average value found in three batch tests (data not shown) for characterisation of the biofilm as described by Wachtmeister (Wachtmeister et. al.1997) . The results of the calculations with all data included are shown in Figure 4 . The good correlation between the limiting loading rate and the measured uptake rate indicates that the limiting factors have been accounted for and supports the conceptual model presented earlier. The calculations demonstrated that the majority of the data are from conditions where the phosphate uptake most probably was COD-limited. In situations with a low COD/P ratio in the feed or competition from non bio-P heterotrophs (denitrifying or not), this is as expected. However, inhibition of the phosphate uptake by nitrite will over time also lead to lower anaerobic COD-uptake because the poly-P pool in the bacteria will be depleted.
The COD consumption for simultaneous phosphate uptake and denitrification by DPB is less than the total COD consumption for aerobic phosphate uptake by PAO and separate denitrification by denitrifying bacteria that do not accumulate phosphate. In a process for combined nitrogen and phosphorus removal, simultaneous nitrification-denitrification and anoxic phosphate uptake is therefore an advantage with respect to COD requirement and plant volume, compared to aerobic phosphate uptake and denitrification in a separate anoxic phase. The question is therefore how to optimise the process in order to favour DPB. The results show that the ratio of COD removed to nitrogen removed and the ratio of nitrogen removed to phosphorus removed are closer to the model (but still too high) in the experiments with a total CODloading rate of 0,7 kg SCOD/m 3 *d than in the experiments with a total COD-loading rate of 0,9 kg SCOD/m 3 *d. We believe that the difference in COD/P ratio in the influent is important in this respect but other factors may also play a role. Further batch experiments are currently being performed in order to characterise the biomass in the reactor, with respect to the ratio of denitrifying phosphate uptake and aerobic phosphate uptake under different conditions.
SUMMARY OF REQUIRED CONDITIONS
The results show that biological phosphorus and nitrogen removal can be achieved in a moving bed biofilm reactor. In evaluating the potential for a full-scale process, one should keep in mind that the results are from a laboratory scale process operated with a constructed wastewater. However, the obtained removal rates are about the same as the values reported by Pastorelli, who ran experiments with real wastewater and added acetate as additional carbon source (Pastorelli et. al.1998 ).
In Table 1 a summary of the conditions required for efficient biological phosphate and nitrogen removal in a SBMBBR is presented. The values in the table present the status as of today with respect to criteria for operating conditions. However, the experimental program continues and the values are therefore not to be taken as final conclusions. In the table we have used the easily biodegradable soluble COD (BSCOD) as the fraction of organic matter which should be used when calculating the loading rate. In order to illustrate the fact that these values lead to a compact process, we have calculated the necessary lengths of the anaerobic and aerobic phase in an example shown below. It must be stressed that this example only indicates the potential of the process and that experiments with real wastewater need to be run to verify this.
Given a wastewater with total-COD: 400 mg COD/l, BSCOD: 80 mg BSCOD/l, 3,5 mg PO 4 -P/l and 25 mg NH 4 -N/l, a process scheme where particulate matter is efficiently removed by enhanced primary treatment, and that the objective in the biological step is to remove soluble phosphate and nitrogen. To meet the required BSCOD/P ratio an additional 60 mg BSCOD/l must be added, for example as acetic acid. Assuming that the biofilm media occupies 12% of the reactor volume, a maximum anaerobic loading rate of 2,5 kg BSCOD/m 3 *d gives a minimum anaerobic phase of 1,2 hours. A maximum ammonium loading rate of 0,2 kg NH 4 -N/m 3 *d gives a minimum aerobic phase of 2,7 hours. The amount of phosphate released in the anaerobic phase would be expected to be about 55 mg PO 4 -P/l. To operate with an aerobic phosphate loading rate of 0,35 kg PO 4 /m 3 *d, the aerobic phase would need to be 3,5 hours for complete phosphate removal. Thus the total cycle length would have to be set at 4,7 hours. The resulting total BSCOD-loading rate would then be 0,63 kg BSCOD/m 3 *d, which should be acceptable.
In addition there will be time needed for filling and emptying of the reactor, and for primary and final separation. However, a residence time of less than 5 hours in the biological step illustrates the potential for achieving a compact process for combined biological phosphorus and nitrogen removal.
CONCLUSIONS
Biological phosphorus and nitrogen removal can be achieved in a moving bed biofilm reactor operated as a SBR. In order to achieve good phosphorus and nitrogen removal, the length of the anaerobic period should be tuned to achieve near complete removal of easily biodegradable COD in the anaerobic period, and the length of the aerobic period should be long enough for complete nitrification. The total COD-loading rate must at the same time be kept high enough to achieve a net growth of biomass in the reactor.
In order to evaluate the full scale potential of the process, further studies are required. The experimental program continues with focus on optimisation of the process with respect to denitrifying phosphate uptake, and experiments with real wastewater to verify the results from experiments with constructed wastewater, reported in this paper.
